) as previously described of mutant ataxin-1 in different brain regions. Mutant (Lorenzetti et al., 2000). Chimeric mice were generated ataxin-1 gave fainter bands (i.e., was less extractable) by microinjection of correctly targeted ES cells into in the basal ganglia and cerebral cortex than in the C57Bl/6J blastocysts and were mated to C57Bl/6J fecerebellum, brain stem, spinal cord, and olfactory bulb. males ( Figure 1A ). Crosses between F1 mice carrying an Sca1 154Q allele produced wild-type, heterozygous, and homozygous offspring in expected proportions (data not Neurological Phenotype of Sca1 154Q/2Q Mice Up to 7 weeks of age, the mutant mice were indistinshown).
Expression of the mutant transcript was assessed by guishable from their wild-type littermates in home cage behavior. At 8 weeks of age, they began to show growth RT-PCR using primers flanking the CAG repeat. Total RNA was extracted from a 7-week-old Sca1 154Q/2Q mouse retardation. By 11 weeks of age, they weighed about 20% less than their wild-type littermates ( Figure 2B ). brain. As shown in Figure 1B , both mutant and wildtype transcripts produced almost equivalent band intenThe body weight of the Sca1 154Q/2Q mice peaked at around 20 weeks of age, after which the mice gradually lost sities, suggesting that mutant and wild-type alleles were similarly transcribed. The expression of mutant ataxin-1 weight as the disease progressed. By the ninth week, the mutants started showing a was confirmed by Western analysis of mutant mouse brain extracts, which were prepared with 0.25 M Trisclasping phenotype when suspended by the tail. The neurological phenotype progressed to a generalized containing buffer ( Figure 1C) . Surprisingly, in the adult mouse brain, the 11750 antibody, which was raised muscle wasting, ataxia, and abnormal gait by 20 weeks of age. We observed severe kyphosis (curvature of the against the C-terminal portion of ataxin-1 (Servadio et al., 1995) , recognized mutant ataxin-1 as a much fainter spine) accompanied by atrophy of lower limb muscles in the mutant animals at about 30 weeks ( Figure 2A ). ‫051ف‬ kDa band than its wild-type counterpart. This band also displayed immunoreactivity when the same blot Premature death occurred between 35 and 45 weeks of age ( Figure 2D ). None of the mutant animals survived was stripped and reprobed with 1C2 antibody, which detects long polyglutamine tracts. Neither 1C2, 11750, past 50 weeks. The mice did not manifest any obvious seizures. or the 11NQ antibody (which detects the N-terminal portion of ataxin-1) revealed any cleaved products derived Naïve Sca1 154Q/2Q mice were tested on the accelerating rotarod apparatus at 5 and 7 weeks of age ( Figure 2C) . from mutant ataxin-1.
To gain further insight into the apparent difference Although they had no overt gait ataxia at that time, their 
Sca1
154Q/2Q mutant mice (at 7-9 weeks of age) took signifiimmediately upon termination of the auditory CS. The animals are presented a second CS-US pairing 2 min cantly more time ( Figure 3D) Figure 4E , p Ͻ 0.02), suggesting that basal synaptic CA1 neurons might be altered by a dominant-negative or gain-of-function mechanism in mutant ataxin-1. We transmission is impaired in the older Sca1 154Q/2Q mutant hippocampus. The derangement in synaptic transmistherefore examined the effect of the mutation on the synaptic function of CA1 neurons using extracellular sion manifested itself as an alteration in the pEPSP relative to fiber volley amplitude ( Figure 4E ). In addition, recordings from hippocampal slices. First, we tested hippocampal slices from 5-week-old animals. We obmutant slices exhibited a decrease in maximum EPSP response ( Figures 4E and 4G ). served no significant difference between 5-week-old Sca1 154Q/2Q mice and wild-type controls in baseline synAlthough derangement in baseline synaptic transmission may complicate evaluation, we proceeded to LTP aptic transmission, paired pulse facilitation (PPF), or long-term potentiation (LTP) (Figures 4A and 4B) .
analysis in the 24 week-old Sca1 154Q/2Q mutants. Tetanic to hyperpolarizing voltage steps from the holding potential of Ϫ70 to Ϫ80 mV. As reported previously (Llano et Our usual LTP-induction protocol uses a stimulus intensity that elicits ‫%05ف‬ of the maximum pEPSP to al., 1991), the decay of the current was biphasic and could be described by the sum of two exponentials (data evaluate both baseline synaptic transmission and the period of LTP-inducing, 100 Hz high-frequency stimulanot shown). From their time constants, we calculated several parameters representing passive properties of tion. As shown in Figure 4G , the maximum pEPSP slope in 24-week-old mutants was considerably lower than Purkinje cells based on the model equivalent circuit of PCs described by Llano et al. (1991) ( Table 1) . This model that of the wild-type controls. In other words, beginning with a lower absolute EPSP magnitude, the Sca1 154Q/2Q distinguishes two regions in the Purkinje cell. Region 1 represents the soma and the main proximal dendrite; mutants achieved 50% of the maximum slope of the pEPSP and thus achieved a lower EPSP magnitude durregion 2 represents the main part of dendritic tree. The lumped membrane capacitance of regions 1 and 2 were ing LTP-inducing high-frequency stimulation. This could underlie the difference in Sca1 154Q/2Q LTP induction, since calculated as C1 and C2, respectively. We found that the lumped membrane capacitance of the dendritic tree the EPSP magnitude during stimulation could have an effect on the overall potentiation produced. Therefore, in (C2) was significantly smaller in Sca1 154Q/2Q mice than wildtype mice (p Ͻ 0.01, t test) ( Table 1) . Given the discernour next set of experiments, we determined the stimulus intensity required to elicit 50% of the maximum pEPSP ible reduction of dendritic arbor at advanced stages of disease, these results likely reflect a reduction in the in our wild-type group ( Figure 4G , arrow at a) and then adjusted the stimulus used in our Sca1 154Q/2Q mutants to average total membrane area of the dendritic tree in young Sca1 154Q/2Q mice. give a pEPSP with a similar EPSP slope (see baseline in Figure 4H ). We found that the stimulus intensity reWe then assessed the kinetics and short-term plasticity of climbing fiber-mediated (CF) and parallel fiberquired to give approximately equal pEPSPs ‫059ف(‬ mV/ ms) was 12.5 and 17.5 mA for wild-type and Sca1 154Q/2Q mediated (PF) EPSCs. The decay time constant was obtained by fitting the decay phases of the EPSCs with mutants, respectively. At the stated stimulus intensities, the recorded baseline pEPSPs were indistinguishable single exponentials. We observed no significant difference between those young Sca1 154Q/2Q mice and wildfor both animal groups prior to high-frequency stimulation (HFS) ( Figure 4H ). type controls in the kinetics of the rise and decay times for both the CF-and PF-EPSCs (Table 1) , paired-pulse When the absolute pEPSP magnitude of control and knockin animals was compared, there was a significant facilitation of PF-EPSC, or in paired-pulse depression of CF-EPSC (data not shown). The degree of multiple decrease in the pEPSP magnitude in the mutant animals 90 min after HFS ( Figure 4H , p ϭ 0.02). Moreover, using climbing fiber innervation of Purkinje cells was similar between wild-type mice and Sca1 154Q/2Q mice (data not the 17.5 mA stimulus intensity, the Sca1 154Q/2Q mice showed a complete loss of potentiation to baseline levshown). In addition, there was no significant difference between the two mouse strains in the chord conducels by 30 min post-HFS. These results suggest that the hippocampal LTP deficit observed in the 24-week-old tance for CF-EPSCs ( 154Q/2Q mice also suffer muscle wastknockin animals exhibited an age-dependent derangement of hippocampal synaptic physiology. 5-and 8-weeking, loss of body weight, and premature death-again, like human patients. Although body weight loss is assoold animals displayed normal baseline synaptic transmission, normal PPF, and normal LTP, but 24-week-old ciated with bulbar dysfunction (which causes difficulty in eating) in most human patients, some individuals unanimals exhibited two alterations in baseline synaptic function. First, there was a significant leftward shift of dergo weight loss and wasting that is not attributable to dysphagia or modifiable by diet (Genis et al., 1995) . the fiber volley-EPSP relationship for baseline synaptic transmission, which we take to indicate altered stimuIt is possible that brain stem dysfunction contributes to body weight loss and premature death in Sca1 154Q/2Q lus-response function for synaptic transmission in hippocampal area CA1-specifically, either an enhanced mice, but detailed studies are necessary to reach a conclusion on this point. postsynaptic threshold responsiveness or an augmented baseline presynaptic neurotransmitter release. Having succeeded in developing a mouse model that invokes the correct temporal and spatial expression of The normal PPF in these same slices might suggest that the presynaptic side of the terminal is not the site of the disease-causing mutation, some of the pathogenic questions that are specific to SCA1 and the polyglutachange, as PPF is generally held to be a presynaptic phenomenon, but this evidence is by no means conmine diseases-e.g., selective neuronal vulnerability, role of inclusions in the disease process-can begin to clusive. The second change we observed was a decrease in be addressed.
the maximum pEPSP slope in the mutant animals along with an apparent attenuation of LTP. Interpretation of Learning Deficits and Age-Dependent Impairment the deficit in LTP is complicated by the fact that there of Hippocampal Synaptic Transmission in Sca1 154Q/2Q Mice was altered baseline synaptic transmission as described above, and a decrease in the maximum EPSP slope that Mice with hippocampal dysfunction have been shown to have impaired context-based, but not cued, conditioned could be evoked with physiologic stimulation. Neverthe-less, LTP was diminished even when baseline transmisInterestingly, we found both temporal and regional alterations in mutant ataxin-1 extractability, which desion was normalized to 50% of the maximum and stimulus intensity was normalized so that both wild-type and clines as the animals get older. The densities of the mutant and wild-type ataxin-1 were unequal even in knockin animals evoked the same absolute EPSP slope. We interpret our findings to indicate that there is altered 2-week-old brain extracts. It is noteworthy that the extractability of mutant ataxin-1 was higher in the cerebel-LTP in Sca1 154Q/2Q animals, with the important caveat that these apparent changes are superimposed on an altered lum than the cerebral cortex and basal ganglia. In the cerebellum, ataxin-1 is expressed in various types of baseline synaptic response. Overall, our observation of altered hippocampal synaptic physiology in the knockin neurons, but immunfluorescence analysis indicated that its expression in granule neurons is much lower than animals complements our observation of altered hippocampus-dependent learning and memory in these anthat in Purkinje neurons (data not shown (Clark et al., 1997) . The combination as well as the Sca1 154Q/2Q mice suggests that the selective of Purkinje cell heterotopia and cytoplasmic vacuole neuropathology in polyglutamine diseases reflects a formation is unique to the transgenic mice and has not complex combination of mutant protein expression levbeen observed in tissues from SCA1 patients; as well, els, protein solubility, and the presence of factors that our Sca1 154Q/2Q mice do not display these features. These enable neurons to sequester ataxin-1 into NIs and morphological differences suggest that the mechanism thereby curb its toxicity. of Purkinje cell degeneration is not entirely the same in This hypothesis is supported by recent findings on the two models, which differ in both repeat length and the pathophysiology of Alzheimer's disease ( mM glucose, which was bubbled continuously with a mixture of Responses (run, jump, and vocalize) to the foot-shock were re-95% O 2 and 5% CO 2 . Bicuculline (10 M) was always present in the corded. Animals that did not respond to the footshock were exsaline to block spontaneous inhibitory postsynaptic currents. Ionic cluded from analysis.
currents were recorded with a patch-clamp amplifier (Axopatch-1D, After a defined delay interval (24 hr for Experiment 1 and 1 hr for Axon Instruments). Stimulation and online data acquisition were Experiment 2), the mouse was placed back into the test chamber performed using the PULSE software (HEKA, Germany). The signals for 5 min and freezing behavior was assessed every 10 s (context were filtered at 3 kHz and digitized at 20 kHz. Fitting of the decay test). One to two hours later, the mouse was tested for its freezing phases of EPSCs was done with the PULSE-FIT software (HEKA, to the auditory C. Environmental and contextual cues were changed Germany). For stimulation of climbing fibers and parallel fibers, a for the auditory CS test: a black plexiglass triangular insert was glass pipette with a 5-10 m tip diameter filled with standard saline placed in the chamber to alter its shape and spatial cues, red house was used. Square pulses (duration, 0.1 ms; amplitude, 0-100 V for lights replaced the white house lights, the wire grid floor was covered climbing fiber stimulation, 1-10 V for parallel fiber stimulation) were with black plexiglass, and vanilla extract was placed in the chamber applied for focal stimulation. to alter the smell. Finally, the sound attenuated chamber was illuminated with red house lights. There were two phases during the Immunohistochemistry and Immunofluorescence auditory CS test. In the first phase (pre-CS), freezing was recorded Immunohistochemical and immunofluorescence staining were perfor 3 min without the auditory CS. In the second phase, the auditory formed as previously described elsewhere (Skinner, et comparison tests. Two-way (genotype X gender) ANOVA was used mice and age-matched controls (n ϭ 3, for each group). After HE to compare the quadrant search time and platform crossing data staining, the number of Purkinje cells and hippocampal pyramidal for the training quadrant only between mutant and wild-type mice.
neurons in two to four adjacent sections from each brain was counted under light microscopy and averaged. Statistical analysis was carried out with ANOVA. Hippocampal Slice Physiology Hippocampal slices (400 m) were prepared from either 5-, 8-, or 24-week-old Sca1 154Q/2Q mice and age-matched controls, as previously
